We present a precision measurement of the axial-vector coupling constant gA in the decay of polarized free neutrons. For the first time, a pulsed cold neutron beam was used for this purpose. By this method, leading sources of systematic uncertainty are suppressed. From the electron spectra we obtain λ = gA/gV = −1.27641(45)stat(33)sys which confirms recent measurements with improved precision. This corresponds to a value of the parity violating beta asymmetry parameter of A0 = −0.11985(17)stat(12)sys. We discuss implications on the CKM matrix element V ud and derive a limit on left-handed tensor interaction.
Measurements in muon and neutron decay link weak leptonic and semileptonic decays to the underlying Lagrangian of the standard model with coupling constants based on the SU (3) c ×SU (2) L ×U (1) gauge structure [1] [2] [3] . The Fermi coupling constant G F measured in muon decay [4] provides a low energy value for the weak coupling and was historically used to predict the masses of the W and Z bosons [5] [6] [7] . The Lagrange density in semileptonic neutron decay includes a hadronic vector (V ) and an axial vector current (A). The vector coupling constant for quarks g V is related to that for leptons via g V = G F V ud , with the matrix element V ud of the Cabbibo-Kobayashi-Maskawa (CKM) quark mixing matrix. The axial vector current is renormalized by the strong interaction at low energy. This is quantified by the parameter λ = g A /g V , the ratio of the axial vector and vector coupling constants. If the weak interaction is invariant under time reversal, the parameter λ is real.
The most precise experimental determination of the parameter λ is from the beta asymmetry in neutron decay but older experimental results [8] [9] [10] are not consistent with newer experiments [11, 12] with smaller systematic corrections. This discrepancy prevails since the first result of Perkeo II [13] and one aim of this work is to clarify the situation.
The ratio of coupling constants λ is important in many fields [14] : it enters in the prediction for the energy consumption in the sun via the primary reaction in the ppchain and the solar neutrino flux, the production of light elements in primordial nucleosynthesis, and neutron star formation. λ is also used for the calibration of neutrino detectors and as an input for the unitarity check of the quark-mixing CKM matrix. Within the standard model the CKM matrix is unitary, and unitarity tests are sensitive tools for searches for new physics [15] . Experimentally, unitarity is verified at the 10 −4 level for the first row of the matrix using nuclear decays [16] . The possible observation of non-standard model couplings is another example how new physics could emerge and is typically tested in the framework of effective field theories, for recent reviews and surveys see [14, [17] [18] [19] [20] [21] .
In neutron decay, the probability that an electron is emitted with angle ϑ with respect to the neutron spin polarization vector P = σ /σ is [22] 
where v is the electron velocity. A is the parity violating beta asymmetry parameter which depends on λ.
In this letter we present the first determination of λ from a measurement of the beta asymmetry using a pulsed neutron beam. The method is described in Ref. [23, 24] and effectively eliminates or controls leading sources of systematic uncertainty: beam related background, edge effects [25] , and the magnetic mirror effect. Yet, one order of magnitude more data was collected compared to the previously most precise experiment [11] . In order to ensure a blind analysis, the beta decay data and two major systematic corrections (neutron beam polarization and magnetic mirror effect) were analyzed separately by independent teams. Results were combined once the analyses were complete.
The spectrometer Perkeo III [23, 24] is the successor to the spectrometer Perkeo II, which was used to measure the beta asymmetry parameter A [11, 13, 27] , the neutrino asymmetry parameter B [28, 29] , and the proton asymmetry parameter C [30] in polarized neutron beta decay. The main component of the spectrometer is an 8 m long magnet system, consisting of 54 short con- ventional coils with rectangular cross section. The shape of the magnetic field and the beam line set-up are shown in Fig. 1 . Electrons from neutron decay in the (nearly) homogeneous field in the center of the spectrometer are separated from the neutron beam and guided to two detectors installed upstream and downstream. By using a pulsed beam neutrons are temporarily stored in-flight, fully contained in the decay volume without any contact to material. The solid angle coverage of the detectors is thus truly 2×2π, without edge effects. The magnetic field has its maximum of B max = 152.5 mT in the center of the active region. The field decreases towards the detectors to reduce backscatter effects from the detectors. Details on electron backscatter suppression can be found in Refs. [13, 27, 31] .
The spectrometer was installed at the PF1B cold neutron beam position at the Institut Laue-Langevin (ILL) [32, 33] . Neutrons moderated by a cold source are transported to the beam site via a supermirror guide. The capture flux density measured at the guide's exit was Φ = 2 × 10 10 s −1 cm −2 . A Dornier neutron velocity selector [34] allowed only neutrons within a wavelength The neutron beam was subsequently polarized by a single supermirror (SM) coated bender polarizer [35] . The adjustment of the polarizer was optimized for transmission which also yields a rather symmetrical beam intensity and polarization. An adiabatic fast passage flipper allowed to reverse the neutron spin direction. A series of five apertures made out of 6 LiF were used to shape the neutron beam. Before the neutron beam entered the Perkeo III spectrometer, a rotating disc chopper with a maximum frequency of 6000 rpm was used to pulse the beam as described in Ref. [23] . 6 LiF ceramics embedded in the chopper disc made of fiber reinforced plastic were used to absorb the neutron beam. The geometrical opening of the chopper disc was 7.3 %. After passing the spectrometer, remaining neutrons were dumped in a When used with a polarized continuous neutron beam, Perkeo III can detect up to 5 × 10 4 decay events/s [23] . In the current set-up -using a pulsed neutron beamthe instantaneous decay rate was reduced to 2 × 10 3 s −1
during the signal time interval and 1.4 × 10 2 s −1 on time average. In total 6 × 10 8 neutron decay events were used for the extraction of the results.
The polarization of the neutron beam was measured for several rotational speeds of the velocity selector using opaque 3 He spin filter cells. Regular in-situ flipping of the 3 He spins served to separate neutron flipping efficiency and polarization. Flat and parallel neutron entrance and exit windows of the filter cells and homogeneous neutron detectors assured a correct spatial averaging over the rectangular aperture used to define the sensitive area. The beam averaged polarization was determined from polarization and intensity scans with step sizes equal to the dimensions of this aperture, avoiding interpolation uncertainties. Scans performed from a shifted reference point yielded consistent results. The derived systematic uncer-tainty of spatial averaging of 3.4 × 10 −4 is dominated by the limited statistical precision of these tests. Measurements in front and behind the Perkeo III spectrometer gave consistent results. Later measurements behind the spectrometer, in between and after the beta decay runs, were used to derive the limit of 3.9 × 10 −4 on a potential time variation of the beam polarization. The third leading systematic uncertainty stems from the measured correction for neutron depolarization by the spectrometer exit window of 2.7(2.2) × 10 −4 . The background was determined from regions outside the neutron pulse in the time of flight spectra and results in a correction of 2.3(9) × 10 −4 . All other individual corrections and uncertainties, including that for the averaging over the wavelength band, are below 1 × 10 −4 . The resulting average neutron polarization of the pulses at the reference selector speed is P = 0.99100(60) and the flipping efficiency is > 0.99964 (68.3% C.L.). The combined error of these two effects on the asymmetry is 6.4 × 10 −4 . Since we do not use two SM bender polarizers in crossed (X-SM) geometry [36] the resulting neutron polarization is lower than in Ref. [11] , but the accuracy is improved by about a factor of two due to the limited wavelength band and improved systematic uncertainties [37] [38] [39] [40] .
Electrons were detected using two plastic scintillators of size 43 × 45 cm 2 which were each read out by six fine mesh photomultiplier tubes. Mono-energetic conversion electron sources ( 139 Ce, 113 Sn, 137 Cs, and 207 Bi) were used to calibrate and characterize the detectors. The sources were supported by thin carbon foil backings (< 20 µg/cm 2 ) and could be moved in two dimensions across the cross-section of the neutron beam in the decay volume. Detector drifts were checked and accounted for with a single source every hour. Twice a day, a full calibration with all sources was performed. The nonlinearity of the detector systems was determined using the calibration sources and off-line measurements of the electronics and the scintillator. While calibration with sources works very well at energies larger than 200 keV, future measurements will also employ a time-of-flight technique to improve calibration at low energies [41, 42] . The uniformity of the detectors was measured about once a week. As a major improvement over previous Perkeo measurements, the variation of the detector amplitude over the area covered by decay electrons was < ±2.5 %. The effect of the detector non-uniformity on our result is dominated by the dependence of the magnetic pointspread function on the beta asymmetry [25, 43] and the difference in detector coverage of beta asymmetry and calibration measurements. After unblinding we corrected the geometrical coverage of the detector using a previously unapplied analysis, which shifted the result by less than ∆λ/10. The corresponding corrections are calculatued using photon transport simulations performed with GEANT4 [44] . The resulting detector model fits the measured uniformity under consideration of the electron point-spread. The overall non-uniformity correction also includes the effect of energy-loss in the carbon foil backings which only needs to be considered for calibration measurements.
Despite the suppression of backscattering from the detectors by the magnetic field, about 6 % of the electrons are reflected onto the opposite detector. Full energy reconstruction is possible as both detectors are always read out simultaneously. If the deposited energy during the first incidence is not sufficient for a trigger, the wrong emission direction would be assigned to the event. The correction for this effect is calculated based on Monte Carlo backscattering simulations using GEANT4, which have been verified using measured backscattering data [31] .
Neutron decay data was only taken while the neutron pulse was fully contained in the homogeneous part of the magnetic field and the chopper was closed. Background was measured at the end of every chopper cycle when the neutron beam had been fully absorbed by the neutron beam dump, see Fig. 2 . Signal and background are thus measured under the same condition, i.e. with the chopper closed. The time dependence of the ambient background and that created by the closed chopper was checked using 3 He neutron counter tubes, NaI γ-detectors and the Perkeo detector systems. Effects were found to be smaller than ∆A/A = 2 × 10 −4 . In previous experiments [11] a significant amount of data had to be discarded due to the variation of background from external sources like neighboring instruments. In this experiment these sources were tracked without significant delay. The uncertainty on the background measurement was reduced by more than an order of magnitude. The two datasets with different chopper frequencies were used to investigate possible beam dependent background. The signal-to-background ratio in the fit region was better than 4 : 1.
Electrons are reflected on an increasing magnetic field if the opening angle of gyration with respect to the magnetic field exceeds the critical angle θ c = arcsin B1 / B0 , were B 0 is the maximum of the magnetic field and B 1 is the field at the place of the neutron decay. This modifies the solid angle coverage of the two detectors and hence changes the measured asymmetry. This expected mirror effect is calculated from measurements of the shape of the neutron cloud in space and time and magnetic field distributions. The field in the active region was measured with Hall probes on a 3 × 3 × 27 grid with a spacing of 10 cm. Measurements were performed before and after the neutron decay measurements and with different sensors and yield consistent results. The neutron pulse shape in space and time was measured at several positions downstream of the chopper using different detection techniques ((n, γ) reactions in aluminum foils or absorbtion in boron and gamma detectors, copper foil activation and scanning with neutron detectors). Results for the 94 Hz chopper frequencies. We note that this correction is independent of the electron energy. The electron spectra for both spin states and detectors (N ↑↓ i (E), i = 1, 2) were used to obtain the experimental asymmetry, which is directly related to the asymmetry parameter A of Eq. (1). Omitting some further correction terms, we obtain:
where the factor cos θ = 1/2 results from solid angle integration of Eq. (1). The neutron polarization P , the magnetic mirror correction M/(1 ± k) [47] and the beta decay data were all analyzed by independent teams. The asymmetry parameter A includes order 1% corrections for weak magnetism, g V − g A interference, and nucleon recoil [48] . For λ real, the uncorrected asymmetry A 0 is given by
An additional small radiative correction [49] [50] [51] of order 0.1% must be applied. Fig. 4 shows fits to the experimental asymmetry of the available four datasets with the ratio of coupling constants λ as single free parameter. We note that the calibrations of the detectors were obtained using calibration sources only instead of relying on electron spectra from neutron beta decay. The result is independent of the choice of the fit range within the statistical error. The fit range of ≈ 300 keV . . . 700 keV was chosen in order to optimize the combined systematic and statistical uncertainties. We apply remaining corrections listed in Table I and obtain the final result:
The result of this blinded analysis confirms recent measurements using cold and ultra-cold neutrons [11, 12] with 2.5 times higher precision compared to [11] . We note that all recent measurements have much smaller corrections on the percent level only compared to older measurements, see also [14] . The transition amplitude V ud of the CKM matrix [52, 53] can be derived using our result Eq. (4) and the updated world-average of the neutron lifetime measure- ments [54] , which includes the new measurements [55] [56] [57] τ n = 879.7(8) s (5) using Eq. (2) from [58] : 
where the error denoted RC stems from radiative corrections [59] . This neutron result is in agreement with the average result from super-allowed beta decays of V ud = 0.97417(21) [16] and only 2.9 times less precise, see also [54] . We note that here we do not use the new common radiative correction with reduced uncertainty from [60] as theoretical discussions are ongoing. As a first application of our result to searches for new physics, we derive an improved limit on hypothetical left-handed tensor interactions. Following the scheme of [61, 62] and using our result of the beta asymmetry Eq. (4), our average of the neutron lifetime Eq. (5) and the average nuclear Ft value [16] , we obtain: − 0.0044 < C T /C A < 0.00023, (95% C.L.).
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